Stimulation of human neutrophils with chemoattractants FMLP or platelet activating factor (PAF) results in different but overlapping functional responses. We questioned whether these differences might reflect patterns of intracellular signal transduction. Stimulation with either PAF or FMLP resulted in equivalent phosphorylation and activation of the mitogenactivated protein kinase (MAPk) homologue 38-kD murine MAP kinase homologous to HOG-1 (p38) MAPk. Neither FMLP nor PAF activated c-jun NH2-terminal MAPk (JNKs). Under identical conditions, FMLP but not PAF, resulted in significant p42/44 (ERK) MAPk activation. Both FMLP and PAF activated MAP kinase kinase-3 (MKK3), a known activator of p38 MAPk. Both MAP ERK kinase kinase-1 (MEKK1) and Raf are activated strongly by FMLP, but minimally by PAF. Pertussis toxin blocked FMLP-induced activation of the p42/44 (ERK) MAPk cascade, but not that of p38 MAPk. A specific p38 MAPk inhibitor (SK&F 86002) blocked superoxide anion production in response to FMLP and reduced adhesion and chemotaxis in response to PAF or FMLP. These results demonstrate distinct patterns of intracellular signaling for two chemoattractants and suggest that selective activation of intracellular signaling cascades may underlie different patterns of functional responses. 
Introduction
Stimulation of human neutrophils by chemoattractants results in their accumulation at sites of inflammation and the initiation of a spectrum of responses that may contribute to tissue injury. In the adult respiratory distress syndrome (ARDS) massive neutrophil accumulation in the lung is associated with significant lung injury, while in other disease processes neutrophil accumulation can result in negligible tissue injury (1, 2) . The observation that different stimuli can result in different responses appears to offer clues as to the regulatory mechanism by which neutrophils routinely function; in host defense neutrophils are activated without significant injurious effects (i.e., bacterial pneumonia), compared with situations where neutrophil accumulation contributes to substantial lung injury.
Two stimuli that highlight potential differences in events leading to neutrophil activation are the chemoattractants FMLP (3), and platelet-activating factor (PAF) 1 (4) . While both of these compounds are potent stimulators of multiple functional responses in human neutrophils, the repertoire of responses elicited by each is distinctly different. Exposure to FMLP results in a broad range of rapid functional responses including actin assembly, adherence, calcium influx, chemokinesis, chemotaxis, superoxide production and granule enzyme release (5) . While a number of functional responses induced by PAF stimulation are similar to those induced by FMLP, some important differences have been noted. Of particular interest is the relative inability of neutrophils to produce superoxide anion after PAF stimulation. At high concentrations PAF is a much weaker agonist for release of superoxide anion and granule constituents than is FMLP, and under physiologic conditions PAF-induced superoxide anion release is minimal (6, 7) . Superoxide production has long been recognized as an important component in host defense, as well as a contributor to the pathogenesis of lung injury in certain inflammatory diseases. Individuals whose neutrophils lack the ability to produce superoxide, as in chronic granulomatous disease (CGD), suffer from recurrent bacterial and fungal infections (8) . Whereas excess superoxide production contributes to the pathogenesis of acute lung injury (9) .
Both FMLP (10) and PAF (11, 12) bind to the neutrophil cell surface via members of the seven trans-membrane spanning G-protein linked receptor family. After receptor activation, specificity of the functional response might occur through activation of distinct and separate effector pathways (as shown in yeast), or through combinatorial mechanisms. We have begun to address the central hypothesis that specific functional responses in neutrophils are regulated through the preferential utilization of intracellular signaling pathways resulting from the binding of stimuli to cell surface receptors. Recent studies 1 . Abbreviations used in this paper: ATF-2, activated transcription factor-2; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinases; JNK, c-Jun NH 2 -terminal kinase; KRPD, Krebs ringer phosphate buffer with dextrose; MAPk, mitogen-activated protein kinase; MAPk km , Recombinant kinase-inactive MAPk; MAPk wt , Recombinant wild-type MAPk; MEK, MAP/ERK kinase (also termed MAP kinase kinase); MEK1 km , recombinant kinaseinactive MEK1; MKK3, MAP kinase kinase 3; MKK4, MAP kinase kinase 4 (JNKK); MEKK, MEK kinase (MAPk kinase kinase); p38, 38-kD murine MAP kinase homologous to HOG-1 MAPk (yeast); PAF, platelet activating factor; PKC, protein kinase C; PMA, phorbol myristate acetate; PTX, pertussis toxin.
have indicated that the binding of FMLP to a seven transmembrane spanning receptor on the surface of human neutrophils initiates a sequence of protein phosphorylation events including the activation of the Ras-dependent kinases [Raf and MAP/ERK kinase kinase-1 (MEKK-1)] (13) which then phosphorylate and activate the MAP/ERK kinases (MEK-1 and MEK-2) which in turn activate the p42/44 (ERK) mitogen activated protein kinase (MAPk) (14) (15) (16) . The activation of kinases in this pathway is maximal within 1-2 min after exposure to FMLP. Little is known about the intracellular signaling pathway utilized by the human neutrophil in response to PAF stimulation. PAF binding to its seven trans-membrane spanning G-protein linked receptor stimulate tyrosine phosphorylation of several intracellular proteins (17) , these intracellular signaling events do not appear to include significant activation of either MEK-1 (18) or MEK-2 (19) .
If heterogeneity of neutrophil responses is reflected in selective utilization of intracellular signaling pathways, these differences might ultimately result in distinct patterns of MAP kinase activation. In addition to p42/44 (ERK) MAPk, at least two distinct families of MAP kinase exist in mammalian cells. Known MAP kinase family members include the c-Jun NH 2 -terminal MAPk (JNKs), and the 38-kD murine MAP kinase homologous to HOG-1 (p38) MAPk (named based on its molecular weight in murine cells) both of which can be activated by various "stress" stimuli in mammalian cells (20) (21) (22) (23) . We now report that FMLP strongly activates both p38 MAPk and p42/44 (ERK) MAPk, while PAF preferentially activates p38 MAPk. The activation of p42/44 (ERK) MAPk by FMLP occurs through activation of MEK1/MEK2, while activation of p38 MAPk by FMLP and PAF appears to occur through the activation of MAP kinase kinase 3 (MKK3). Specific inhibition of p38 MAPk by a bicyclic imidazole (SK&F 86002) results in selective loss of functional responses to FMLP or PAF stimulation. These results allow for the most complete analysis to date of intracellular signaling pathways used by two distinct chemoattractants via seven-transmembrane spanning receptors, corresponding to different functional responses.
Methods
Materials. Endotoxin free reagents and plastics were used in all experiments. Neutrophils were resuspended in Krebs ringer phosphate buffer (KRPD) pH 7.2 with 0.2% dextrose. Salts used in the buffer were purchased from Mallinckrodt Specialty Chemicals (Paris, KY). KRPD components were diluted in endotoxin free saline (0.9% saline for irrigation; Abbott Laboratories) and prepared, fresh daily. Phorbol myristate acetate (PMA), cytochalasin B, aprotinin, leupeptin, PMSF, FMLP, Bovine serum albumin fraction V, and protein A-Sepharose were purchased from Sigma Chemical Co. (St. Louis, MO). IP-20 (TTYADFIASGRTGRRNAIHD) and EGFR 662 Ϫ 681 (RRELVEPLTPSGEAPNQALLR) peptides were synthesized by Macromolecular Resources (Fort Collins, CO). PAF was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and fura-2 from Molecular Probes (Eugene, OR). SK&F 86002-A2 [6-(4-Fluorophenyl)-2,3-dihydro-5-(4-pyridinyl) imidazo(2,1-b)thiazole dihydrochloride] was provided by SmithKline Beecham Pharmaceuticals (King of Prussia, PA).
Antibodies. A polyclonal anti-p38 antiserum was raised by conjugating a 14-amino acid peptide CFVPPPLDQEEMES corresponding to the COOH-terminus of HOG-1/p38 to keyhole limpet hemocyanin (KLH) and used to immunize rabbits. The specificity of the p38 MAP kinase antibody was defined by immunoblotting of recombinant p38 and cell lysates. Anti-phosphotyrosine and anti-MKK3 were obtained from Upstate Biotechnology Incorporated (Lake Placid, NY). Antip38 MAPk, anti-c-Raf-1, anti-B-Raf, anti-ERK1 (p44 MAPk), and anti-ERK2 (p42 MAPk) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-MEKK-1 was raised against a recombinant fragment of MEKK-1 (24) .
Expression and purification of recombinant proteins. GST-c-Jun 1-79 and activated transcription factor-2 (ATF-2) 1 Ϫ 110 were prepared using methods previously described (25). Kinase inactive MEK1 (MEK1 km ) and wild type MEK1 (MEK1 wt ) were expressed in E. coli as previously described (26) . The p38 MAPk km and p38 MAPk wt were expressed utilizing a construct designed with a polyhistidine sequence at the NH 2 -terminus, prepared by ligating NspB11-digested HL60 cell p38 MAPk cDNA with PvuII-digested bacterial expression vector pRSETC. A kinase-inactive p38 MAPk fusion protein was created by site-directed mutagenesis in which the active site lysine-53 is converted to methionine using the oligonucleotide 5-TGCATAT-CAT*GAAAATCAG-3 Ј . After expression by E. coli , the identity of the recombinant p38 MAPk was confirmed by resequencing.
Neutrophil function assays. Neutrophil adherence after stimulation with PAF or FMLP was measured as previously described (27) . Actin assembly was determined in triplicate by NBD-phallacidin staining and analyzed by a Coulter EPICs C cytofluorograph (28) . Release of superoxide anion was determined in triplicate experiments using methods previously described (29) . Neutrophils were pretreated with cytochalasin B (5 g/ml) for 5 min before stimulation in all superoxide anion release assays.
Neutrophil migration was measured by a standard micropore filter assay using blind well Boyden chambers. Briefly, the lower well of the chamber was filled with KRPD-HSA with or without FMLP or PAF. The well was then overlaid with an 8 M pore size, 150-M thick nitrocellulose filter (Sartorius) prewetted in KRPD-HSA. The upper well was screwed down onto the filter and 10 5 neutrophils in 200 l were added to the upper well. The chambers were then incubated in a humidified, CO 2 incubator at 37 Њ C for 1-2 h. After incubation, the filters were harvested and fixed in 70% ethanol. The filters were then stained with hematoxylin, dehydrated, cleared and mounted as previously described (30) . All samples were tested in triplicate with three independent cell counts per replicate filter at 400 ϫ and at a specific depth of field from the top of the filter for a total of nine readings per sample.
Mobilization of intracellular calcium [Ca 2 ϩ ] i was analyzed by incubation of neutrophils (10 6 /ml) with fura-2 (1.5 M, final concentration) (31) for 45 min at 37 Њ C. The cells were washed with 50 ml KRPD and resuspended at 5 ϫ 10 6 /ml in KRPB containing a range of concentrations of SK&F 86002. The cells were incubated in SK&F 86002 for 60 min at 37 Њ C. Fluorescence of the neutrophil population after stimulation with FMLP or PAF was then determined by dual excitation-emission spectofluorimeter using excitation wavelengths of 340 and 380 nm with an emission wavelength of 510 nm. The ratio of fluorescence intensity at 340 and 380 nm is proportional to [Ca p38 MAPk immunoprecipitation and kinase assay (25) . Briefly, neutrophils isolated by the plasma percoll method (32) were stimulated and lysed. Immunoprecipitation of p38 MAPk was achieved using p38 MAPk antisera. Beads were resuspended in 25 l kinase mix containing 20 mM Hepes, pH 7.6, 200 mM MgCl 2 , 20 M ATP, 20 Ci [ ␥ -32 P] ATP, 2 mM dTT, 100 M sodium orthovanadate, 25 mM ␤ -glycerolphosphate (pH 7.2) and a recombinant fragment of activated transcription factor 2 (ATF-2 ). Reactions were terminated with 2 ϫ Laemmli buffer and proteins were separated by SDS-PAGE, with quantification of activity by autoradiography and phosphorimaging, and qualitative analysis of enzyme presence and phosphorylation by immunoblotting.
JNK, Raf, and MKK3 immunoprecipitation and kinase assay. JNK immunoprecipitation and kinase assay (25) and anti c-Raf-1 immunoprecipitation and kinase assay were performed as previously described (16, 33) . MKK3: Neutrophils, stimulated with either 10 Ϫ 8 M FMLP or 10 Ϫ 8 M PAF for 90 s were lysed and subjected to in vitro kinase assay as described for MEK1/MEK2 (25) with minor modifications. Lysates were immunoprecipitated with an anti-MKK3 antibody and p38 MAPk km was used as substrate for the kinase assay.
Anion exchange separation of MAP kinases. The identity and activity of MAPk family members was determined by Mono-Q/ionexchange chromatography (at 4 Њ C with a BioLogic FPLC System) of neutrophil lysates followed by assessment of kinase activity and immunoblotting as previously described (16 P]-ATP) for 30 min at 30 Њ C. The reaction was terminated with a 10-s centrifugation at 5,000 rpm and the bead supernatant was treated in two ways: ( a ) 25 l supernatant was added to tubes containing 25 l 25% (wt/vol) TCA solution and 45 l from mixture was spotted on P81 filter discs. These were washed three times in 75 mM phosphoric acid and once in acetone before being dried and counted in a ␤ -counter; ( b ) 25 l of 2 ϫ Laemmli sample buffer containing 40 mM DTT was added to the tubes containing the protein A-Sepharose beads and the remainder of the supernatant. Samples were boiled for 5 min at 100 Њ C, subjected to SDS-PAGE, transferred to nitrocellulose and then probed with anti-phosphotyrosine and then anti-p42/44 (ERK) MAP kinase antibodies.
Inhibitor studies. Inhibition of Gi-proteins was performed by incubation of neutrophils in KRPD containing 500 ng/ml pertussis toxin (List Biologicals, Campbell, CA) for 2 h at 37 Њ C before stimulation. In vivo inhibition of p38 MAPk was performed by incubation of neutrophils in a range of concentrations of SK&F 86002 for 60 min at 37˚C. In vitro inhibition of MAPks were performed by adding a range of concentrations of SK&F 86002 to immunoprecipitated p38 MAPk or p42/44 (ERK) MAPk followed immediately by the kinase assays described above.
Results

Partial purification of p42/44 (ERK) MAPk and p38
MAPk by anion-exchange chromatography. To evaluate simultaneously the activation and phosphorylation of p38 MAPk distinct from the p42/44 (ERK) MAPk, human neutrophils were stimulated with FMLP or PAF for 90 s (Figs. 1 and 2) or left unstimulated ( Fig. 3 ) and the proteins in each cell lysate were separated by anion exchange chromatography. Fig. 1 demonstrates that exposure of human neutrophils to FMLP or PAF results in activation of p38 MAPk, as assessed by the ability of the kinase to phosphorylate ATF 2 (22, 23, 25) . Lysates from neutrophils stimulated with FMLP ( Fig. 1 A ) or PAF ( Fig. 1 D ) demonstrated equivalent amounts of kinase activity eluting in fractions 29-31. As phosphorylation of a specific tyrosine (and threonine) residue is required for activation of all known MAPks, proteins from each fraction were electrophoretically separated by SDS-PAGE, transferred to nitrocellulose, and stained with an anti-phosphotyrosine antibody (Fig. 1 , B and E ) demonstrating equivalent tyrosine phosphorylation of p38 MAPk after stimulation with either FMLP or PAF. The blots were then restained with an anti-p38 MAPk antibody (Fig. 1 , C and F ) to independently confirm the location of the p38 MAPk. Immunoblotting revealed p38 MAPk eluting at two locations of the gradient: a small peak eluted at fraction 11, and an apparently larger peak at fractions 29-31 that corresponded to the enzymatic activity.
An aliquot from each fraction shown in Fig. 1 was removed to determine for p42/44 (ERK) MAPk activity. Fig. 2 demonstrates that stimulation of human neutrophils with FMLP, but not PAF, results in activation and phosphorylation of p42/44 (ERK) MAPk. Activity of the p42/p44 (ERK) MAPk was measured by the ability of a sample from each fraction to phosphorylate EGFR 662Ϫ681 . Cell lysates of human neutrophils exposed to FMLP for 90 s demonstrated a robust peak of activity in fractions 20-22 ( Fig. 2 A) , but cell lysate from neutrophils stimulated with PAF showed no significant p42/44 (ERK) MAPk activation (Fig. 2 D) . Staining of immunoblots from each fraction with an anti-ERK1/ERK2 antibody confirms that p42/44 (ERK) elute at fractions 18-22 (Fig. 2, C and  F) . Restaining of the blots with an anti-phosphotyrosine antibody confirmed specific tyrosine phosphorylation of the p42/ 44 (ERK) MAPk corresponding to fractions with enzymatic activity in cells stimulated by FMLP (Fig. 2 B) . Cells stimulated with PAF demonstrated trace amounts of tyrosine phosphorylation of p42/44 (ERK) MAPk in fractions 20-22, as well as several broad bands of a higher and lower molecular weight then p42/44 MAPk in fractions 18-20 ( Fig. 2 E) . An equivalent pattern of anti-phosphotyrosine antibody binding is seen in unstimulated cells (Fig. 3 B) , and is distinctly different from the phosphorylation of p42/44 (ERK) MAPk seen in FMLP-stimulated neutrophils (Fig. 2 B) .
Cell lysates from unstimulated neutrophils demonstrated the presence of equivalent amounts of p42/44 (ERK) MAPk (Fig. 3 C) and p38 MAPk (Fig. 3 F) as compared with stimulated samples in Figs. 1 and 2 . However, no significant activation (Fig. 3, A and D) or specific tyrosine phosphorylation (Fig. 3, B and E) was present. Together, these results demonstrate stimulation with FMLP results in the activation of p38 MAPk and p42/44 (ERK) MAPk, while stimulation with PAF results in preferential activation of p38 MAPk.
Concentration dependence of FMLP and PAF activation of p38 MAPk. To determine whether activation and phosphorylation of p38 MAPk in response to stimulation by FMLP and PAF occurs in a concentration dependent fashion, human neutrophils were exposed for 90 s with concentrations of stimuli ranging from 10 Ϫ7 M to 10 Ϫ11 M. The p38 MAPk was then immunoprecipitated from lysed cells and the activity was measured as described above. The relative amount of p38 MAPk tyrosine phosphorylation (as measured by anti-phosphotyrosine antibody binding) increased with increasing concentra- tions of both FMLP and PAF in a roughly equivalent manner (Fig. 4 A) . Similarly, the relative amount of p38 MAPk enzymatic activity as measured by the 32 P phosphorylation of ATF-2 1-110 increased with increasing concentrations of stimuli (Fig. 4 B) . Restaining of the blot from Fig. 4 A with an anti-p38 MAPk antibody confirmed equal amounts of enzyme were immunoprecipitated in each sample (not shown).
Time course of p38 MAPk activation and phosphorylation after exposure to FMLP or PAF. The time course of phosphorylation of p38 MAPk after stimulation with FMLP (10 Ϫ8 M) or PAF (10 Ϫ8 M) was determined by immunoprecipitation of neutrophil cell lysates with p38 MAPk antisera followed by immunoblotting with an anti-phosphotyrosine antibody. The activity of the p38 MAP kinase was measured by its ability to phosphorylate ATF-2 . The tyrosine phosphorylation of p38 MAPk in neutrophils stimulated with FMLP is greatest at ‫ف‬ 90 s, while the phosphorylation of p38 MAPk in PAF stimulated cells peaks at about 120 s (Fig. 5 B) . The time course of p38 MAPk activity is seen to closely reflect the phosphorylation of the protein (Fig. 5 C) . All blots were restained with an anti-p38 MAPk antibody to confirm equal amounts of enzyme were immunoprecipitated during the separation of p38 MAPk Fig. 1 C) or PAF (Fig. 1 F) . from the cell lysate (Fig. 5 A) . Together the results from Figs. 1, 4, and 5 demonstrate that FMLP and PAF have equivalent capacity to induce phosphorylation and activation of p38 MAPk.
Concentration dependence of FMLP and PAF activation of p42/44 (ERK) MAPk.
The activation and phosphorylation of p42/44 (ERK) MAPk was also determined after exposure of cells to a range of FMLP and PAF concentrations (Fig. 6) . FMLP was found to be a significantly more potent activator of p42/44 (ERK) MAPk than PAF at each concentration tested. The p42/44 (ERK) MAPk tyrosine phosphorylation (Fig. 6 B) was relatively greater with increasing concentrations of FMLP (but not PAF), corresponding to the kinase activity (Fig. 6 C) . Some activation of p42/44 (ERK) MAPk was detected in cells stimulated with 10 Ϫ7 M PAF, corresponding approximately to the activation induced by a 100-fold lower concentration of FMLP. Restaining of the immunoblot with an anti-ERK MAPk antibody demonstrates equal amounts of p42/44 (ERK) MAPk were immunoprecipitated for each condition (Fig. 6 A) .
Time course of p42/44 (ERK) MAPk activation after exposure to FMLP and PAF. Activation of p42/44 (ERK) MAPk after stimulation of human neutrophils with FMLP has been shown previously to occur in a time and dose dependent manner (14, 15) . As demonstrated in Fig. 2 , the p42/44 (ERK) MAPk in human neutrophils is not activated after 90 s of exposure to PAF (10 Ϫ8 M). To determine whether PAF results in a delayed activation of p42/44 (ERK) MAPk, neutrophils were exposed to either FMLP or PAF over a range of time intervals (30 s to 10 min) using a concentration shown to induce detectable activation for both (10 Ϫ7 M) (Fig. 7) . At all times indicated, the activity of p42/44 (ERK) MAPk immunoprecipitated from neutrophils stimulated by FMLP is significantly greater than the activity in cells exposed to PAF. Both chemoattractants achieve maximal p42/44 (ERK) MAPk phosphorylation of EGFR 662Ϫ681 within 2 min, but the relatively small PAF induced response declines thereafter, while the response to FMLP is maintained through 10 min. (Fig. 8 C) and in a representative autoradiograph (Fig. 8 B) . Restaining of the immunoblot with an anti-MKK3 antibody confirms equal amounts of MKK3 were immunoprecipitated for each stimuli (Fig. 8 A) . In contrast, FMLP is capable of significant activation of MEK1/MEK2, but PAF stimulation results in only slight activation of MEK1 and negligible activation of MEK2 (13, 19) .
PAF weakly activates Raf and MEKK1.
The chemoattractant FMLP has been shown to robustly activate both C-Raf-1 and B-Raf in a time dependent manner (16) . We questioned whether PAF would similarly activate c-Raf-1. Neutrophils were stimulated by either PAF or FMLP for varying time intervals and lysates immunoprecipitated by anti-c-Raf-1 antiserum. Activation of Raf was determined by in vitro kinase assays in which 32 P phosphorylation of the substrate MEK1 km was qualified by autoradiography after separation by SDS-PAGE. As shown in Fig. 9 A, PAF (10 -7 M) stimulation of neutrophils induces slight activation of c-Raf-1, resulting in weak phosphorylation of MEK1 km as compared with neutrophils stimulated with FMLP (10 -7 M) for 60 s. Raf activation in response to FMLP occurs within 30 s, is optimal by 2 min and plateaus over a 5-min interval (13) . In contrast, the activation of this kinase in response to PAF appears to be delayed and of a much lesser magnitude, when compared with FMLP.
Recently, we have demonstrated that in FMLP stimulated neutrophils, MEKK1 is activated and in turn phosphorylates a recombinant human kinase inactive MEK1 km (13) . The ability of PAF stimulation to induce activation of MEKK1 was tested in an identical manner (Fig. 9 B) . PAF stimulated neutrophils show slightly enhanced MEKK1 activity as determined by phosphorylation of MEK1 km . However, this activity is meager Effect of pertussis toxin preincubation on p38 MAP kinase activation after stimulation with PAF or FMLP. Neutrophils incubated in the presence of pertussis toxin (PTX), an inhibitor of G ␣i2 and G ␣i3 (␣ subunits of heterotrimeric G-proteins), were compared with neutrophils incubated in the absence of PTX. After stimulation with FMLP or PAF, the activity of the p38 MAPk was not clearly suppressed by PTX pre-incubation (Fig. 10 A) . Simultaneously, neutrophils incubated with PTX and then stimulated with FMLP were shown to have significant inhibition of p42/44 (ERK) MAPk activity (Fig. 10 B) . A relatively high level of p38 MAPk activity in unstimulated samples was noted for both neutrophils incubated with PTX as well as those incubated in buffer, due to non-specific activation of the cells as a result of the prolonged incubation. This result indicates that substantial p38 MAPk activation occurs through a pertussis toxin-insensitive pathway.
Effect of p38 MAPk inhibition on neutrophil responses after stimulation with FMLP or PAF.
A bicyclic imidazole, SK&F 86002, is a member of a class of compounds that has been demonstrated to specifically inhibit p38 MAPk activity with negligible effect on other MAP kinase members, MEK1, or c-Raf (34) (35) (36) . Immunoprecipitated p38 MAPk from PAF or FMLP activated neutrophils was inhibited in a concentration dependent manner by SK&F 86002 with a greater then 95% decrease in activity at the highest level of inhibitor studied (Fig.  11 A) . In contrast, p42/44 (ERK) MAPk immunoprecipitated from neutrophils after FMLP stimulation showed ‫ف‬ 20% reduction of activity in the presence of 10 M SK&F 86002 (Fig.  11 A) . Tyrosine phosphorylation of p38 MAPk was equivalent for each concentration of SK&F 86002 studied (data not shown), confirming earlier reports that this compound does not inhibit "upstream" activators of p38 MAPk. Neutrophils incubated in identical concentrations of SK&F 86002 (0.1-10 M) for 60 min demonstrated a concentration dependent loss of superoxide anion production in response to stimulation by FMLP (Fig. 11 B) . PMA, a direct activator of protein kinase C (PKC) is known to induce the respiratory burst in neutrophils independent of mechanisms utilized by FMLP (37) . PMAinduced superoxide anion release was not inhibited by SK&F 86002, demonstrating that pretreatment with SK&F 86002 does not result in a nonspecific loss of the respiratory burst or decreased cellular activity. PAF stimulated neutrophils produce little superoxide anion under physiologic conditions, and preincubation with SK&F 86002 did not affect this response (data not shown). Pretreatment with SK&F 86002 resulted in significant decrease in neutrophil adhesion in response to PAF, and to a lesser extent with FMLP (Fig. 11 C) . Chemotaxis in response to FMLP was significantly inhibited by 10 M SK&F 86002, while chemokinesis was unchanged (Fig. 11 D) . Similar effects in response to PAF were observed, although relatively low levels of chemotaxis and chemokinesis in response to PAF made these differences statistically not significant (data not shown). Inhibition of p38 MAPk with SK&F 86002 did not result in substantial changes in actin assembly (Fig. 11 E) or intracellular calcium mobilization (Fig. 11 F) in response to either PAF or FMLP. These results support the conclusion that activation of p38 MAPk contributes to FMLPinduced superoxide anion release, adhesion and chemotaxis as well as PAF-induced adhesion.
Discussion
The stimulation of human neutrophils with FMLP or with PAF occurs via binding of distinct seven transmembrane G protein-linked cell surface receptors. Exposure of the cell to FMLP then results in the activation of Ras, which activates the serine/threonine kinase Raf. Ras also regulates the activation of MEKK-1. Both MEKK-1 and Raf when activated have been shown to phosphorylate and activate MEK1/MEK2, which in turn serves to activate p42/44 (ERK) MAP kinases. In this report we demonstrate that stimulation of neutrophils with [Ca 2ϩ ] i mobilization after FMLP or PAF stimulation of neutrophils not exposed to SK&F 86002. Each value represents the mean and SEM from three experiments. PAF results in minor utilization of this intracellular signaling pathway, with only slight activation of p42/p44 (ERK) MAP kinases, MEK1/MEK2, Raf, or MEKK-1. To a much greater extent, intracellular signal transduction after exposure of the neutrophil to PAF occurs through a parallel signaling pathway resulting in the activation of MKK3 and subsequent phosphorylation and activation of p38 MAPk (Fig. 12) . In addition, we report that stimulation with FMLP also results in the activation of MKK3 and p38 MAPk in a time and concentration dependent manner equivalent to PAF. In contrast to FMLP activation of the Raf, MEK1/MEK2 and p42/44 (ERK) MAPk cascade (16, 38) , the activation of p38 MAPk appears to be largely independent of inhibition by PTX. Neither FMLP or PAF were shown to activate JNKs in the human neutrophil (data not shown).
The ability of FMLP to robustly activate at least two members of the MAP kinase family as opposed to PAF which predominantly activates p38 MAPk is reflected in a wider range of functional responses evoked by FMLP stimulation. FMLP and PAF induce comparable neutrophil adhesion and actin assembly, but only FMLP stimulation results in significant superoxide production. Through use of the specific p38 MAPk inhibitor SK&F 86002 (35, 36) we have shown that the FMLP induced release of superoxide anion is dependent on the activation of p38 MAPk. However, p38 MAPk activation alone is not sufficient, as demonstrated by the relative inability of PAF stimulation to induce superoxide anion release. The ability of PMA, (a direct activator of PKC, but a weak activator of p38 MAPk in the human neutrophil (25) to induce superoxide release not inhibited by SK&F 86002 supports the conclusion that mechanisms independent of p38 MAPk activation can also mediate superoxide anion release. Both adhesion after PAF or FMLP stimulation, and FMLP-induced chemotaxis were reduced by p38 MAPk inhibition, but the responses were not eliminated. In contrast, FMLP-induced chemokinesis, as well as actin assembly and intracellular calcium mobilization after stimulation with FMLP or PAF do not appear to be specifically inhibited by SK&F 86002. These findings support the conclusion that p38 MAPk activation is involved in adhesion and chemotaxis of the neutrophil in response to FMLP, but that other signaling events are required as well. Involvement of p38 MAPk in actin assembly, chemokinesis or intracellular calcium mobilization is not supported by our data.
Important clues as to the functional roles of MAP kinase family members in human neutrophils will come from determination of the substrates for these kinases. In a number of cell lines, activation of MAP kinases has been shown to result in increased transcription, either directly or through phosphorylation of transcription factors. However, the rapid functional response of human neutrophils to pro-inflammatory stimuli occurs independent of protein synthesis, and thus other substrates are likely involved. To date, several direct actions of MAP kinases have been identified. Activated p42 (ERK) MAPk directly phosphorylates cytoplasmic phospholipase A 2 (cPLA 2 ), allowing for the release of arachidonic acid (39, 40) . Recently it has been demonstrated that p38 MAPk phosphorylates and activates MAP kinase-activated protein (MAPKAP) kinase-2 (36, 41) and MAPKAP kinase-3 (42) which in turn phosphorylates heat shock protein (HSP) 27 in certain cell lines in response to pro-inflammatory stimuli or hyperosmotic conditions. The substrates phosphorylated by p38 MAPk in the neutrophil resulting in superoxide anion release, adhesion, and chemotaxis have yet to be identified.
Of considerable interest is the upstream regulation event that enables FMLP to activate parallel intracellular signaling pathways, while limiting activation in response to PAF to a single MAP kinase cascade. One point of possible signal divergence is the activation of G-proteins linked to seven transmembranespanning receptors. Activation of human neutrophils with FMLP has been shown to utilize the G-protein ␣ subunit ␣ i2 , as PTX can inhibit the majority of Raf and Ras activation (16) . Lack of significant PTX inhibition of p38 MAPk activity after stimulation of neutrophils with FMLP or PAF argues for signal transduction mediated in part by PTX-insensitive G-proteins. The PAF receptor expressed in COS cells has been shown to interact with PTX-insensitive G-proteins (possibly G ␣q and G ␣11 ) (43) . The PAF receptor transfected in CHO cells allows for p42/44 (ERK) MAPk activation in response to PAF stimulation, with evidence for PAF receptor coupling to both PTX-sensitive and -insensitive G proteins (44) . Early reports of inhibition of PAF mediated response by PTX utilized a 30-fold greater concentration of inhibitor than used here, and the effect reported may not have been specific to G-protein inhibition (45, 46) .
Complete definition of the pattern of MEKK and MKK activation in response to stimulation with FMLP and PAF will provide important clues as to the point of convergence for the FMLP and PAF signaling pathway. Recent identification and cloning of MKK3 and MKK4 has established that both MKK3 and MKK4 can phosphorylate recombinant p38 MAPk in vitro (although MKK4 is also capable of activating JNK). When MKK3 and MKK4 were transfected and overexpressed in COS-1 cells a resulting activation of p38 MAP kinase was observed (MKK4 overexpression also led to increased JNK activity) (47) . Exposure of human neutrophils to FMLP or PAF resulted in activation of MKK3 as determined by the ability of the immunoprecipitated kinase to phosphorylate kinase inactive recombinant human p38 MAPk (p38 MAPk km ). The phosphorylation of p38 MAPk by activated MKK3 could also result in activation of wild type recombinant human p38 MAPk (p38 MAPk wt ), confirming the specificity of the phosphorylation (data not shown). Our observation that JNK is not activated in response to FMLP or PAF supports the suggestion that the MKK responsible for the phosphorylation and activation of mammalian p38 MAP kinase is probably not MKK4 which has been implicated as upstream in the JNK signaling pathway (47, 48) .
The exact relationship of the MAPk cascades to other known signaling events in human neutrophils remains unclear. Stimulation of neutrophils with FMLP via G protein-coupled receptors results in rapid activation of phospholipase C (49, 50), phosphatidylcholine-specific phospholipase D (51), inositol-1,4,5-triphosphate induced mobilization of [Ca 2ϩ ] i (52) and PKC (53, 54) . Activation of MAPk-family members (via MEKK and MEK homologues) may occur "downstream" to the activation of phospholipase C, D, and PKC or alternatively be activated in parallel to earlier described signaling mechanisms. Important functional responses such as activation of NAPDH oxidase leading directly to superoxide anion production likely occurs through more then one signal transduction pathway, depending on the type and concentration of stimuli tested. Inhibitors against various signaling events have provided clues, but relative lack of specificity of these agents in vivo limit the usefulness of these studies. Systematic elucidation of the hierarchy of signaling events that occurs under physiologic conditions in response to a wide variety of stimuli in neutrophils will present a formidable challenge, and will likely require a variety of new techniques, including genetic manipulation of primary cells.
The selective activation of MAP kinase family members by different stimuli provides a framework in which to study the range of potential neutrophil response in the setting of inflammation. To date, p38 MAPk has been classified as a "stress activated" MAP kinase homologue, as initial activation was reported in response to such agents as hyperosmolarity, endotoxin, and TNF. More recently, such stimuli as thrombin have been reported to activate p38 MAPk in platelets (55) . This report of p38 MAPk activation in response to chemoattractants via two serpentine receptors establishes that p38 MAPk is widely utilized, and activation of this kinase is associated with a number of functional responses in neutrophils. Our findings support the idea that fine regulation of neutrophil activation occurs through differences in activation of a spectrum of signaling pathways. For each stimuli capable of a unique set of cellular responses, a distinctive "fingerprint" of signal protein activation may exist, or instead, various combinations of signaling pathways may be used. Ultimately, through more complete understanding of intracellular signaling, sophisticated approaches to selective inflammatory blockade can be designed.
